Introduction
Incomplete combustion of fossil fuels results in the emission of various organic hydrocarbons to the environment. The possible adverse effect of these products on human health has been feared for the last few decades because of their toxicity. In particular, some polychlorinated dibenzo-p-dioxines (PCDDS), polychlorinated dibenzo-furans (PCDFs) and polychlorinated biphenyls (PCBs) are well known to be extremely toxic. Therefore, effective methods to control and remove undesirable chlorinated aromatics in the environment or in industrial processes have been studied in the field of photoreaction engineering. Photochemical degradation in the gas phase is one of the most promising methods of destroying a wide spectrum of organic compounds. 1 From the point of view of environmental protection, several variations of a gas-phase photodegradation process have been studied in recent years. Many volatile organic compounds, such as halogenated alkanes and alkenes like trichloro-trifluoroethane 2 and trichloroethane 3 and aromatics like benzene and toluene, 4, 5 have undergone direct photolysis by UV irradiation. In addition to these direct photolyses, UV photooxidation in the presence of oxidants such as ozone, 6 hydroxyl radicals, 7 oxygen 2 and UV photocatalytic oxidation with TiO2 8, 9 and ZnO 10 have been also performed. Since some UV excimer lasers such as XeCl (308 nm), KrF (248 nm) and ArF (193 nm) can generate significant light intensity in the narrow UV region, the methods using laser have a potentia1 to be better suited for direct photolysis and photoreaction control without catalysts. With this idea in mind, gaseous monochlorobenzene (MCB) with/without oxygen was irradiated with a KrF laser (248 nm) in the present experiments. MCB is a fairly simple kind of a molecule, which is very similar to PCDDs, PCDFS and PCBs. The laser wavelength is chosen so that in the laser photon energy could be enough for the C-Cl scission processes of MCB.
Experimental
The reaction cell was a glass pipe (30 mmφ, 718 mm long) with quartz windows at both ends, as shown in Fig. 1 . The reaction cell was connected with a gas-cell for infrared absorption measurements. Before introduction of MCB vapor and oxygen, the reaction cell was evacuated to less than 10 -3 Torr. Gaseous monochlorobenzene was irradiated with KrF excimer laser (248 nm) under reduced pressure. The photodecomposition was an apparent first order reaction. When the system contained no additive gas, the photolysis was found to give benzene (conversion yield: 49%) in the gas phase and many unidentified products in the solid phase. On the other hand, in the presence of oxygen, carbon dioxide (10%), carbon monoxide (16%), hydrogen chloride (52%) and acetylene (2%) are produced and the peaks shown on the gas chromatogram of the solid phase were effectively suppressed. small glass fans set in the glass pipes between the two cells circulated the reaction gas during the experiments. A KrF excimer laser (LAMBDA PHYSIK. LPX240i) was operated at 10 Hz with laser fluence of 0.9 -8.7 mJ cm -2 . The pulse duration of the laser was 15.5 ns (FWHM). The laser beam was unfocused and cross section area was 20 mm × 8 mm. The decomposition behavior of MCB in the gas phase was monitored with a Fourier Transform Infrared spectrophotometer (SHIMADZU, FTIR-8300).
The optical length for the absorption measurement was 3 m.
For the analyses of the solid products, a small glass cell (200 mm long, 9 mmφ) that contained a sample gas of MCB and oxygen was irradiated for 40 min by the unfocused KrF excimer laser beam (9 mmφ) with a repetition rate of 10 Hz and an energy fluence of 9.4 mJ cm -2 . After the laser irradiation, products in the cell were extracted by an acetone solution and analyzed with a gas chromatograph (Hewlett-Packard, HP5890 II plus, with a capillary column HP-5, 30 m length and 0.32 mm inner diameter) with an electron capture detector (ECD), which is very sensitive to hydrogenated compounds. All chemicals used for gas chromatography were analytical reagent grade; they were used without more purification. Figure 2 shows the absorption spectra of the gaseous MCB without and with 140 Torr oxygen before and after KrF laser irradiation at the same laser fluence and repetition rate (10 Hz). The decrease of MCB was monitored with an absorption at 1097 cm -1 which is assigned to be C-Cl stretching. Figure 3 shows the changes of the absorbances and of their logarithm values at 1097 cm -1 as a function of irradiation time. In both cases, MCB decomposed gradually with irradiation time and both decompositions were apparent first-order reactions, as shown in Fig. 3(b) . The relationship between the reaction rate and the laser power in the range of 0.9 -7.1 mJ cm -2 , plotted on a log-log sheet, gives an almost straight line, as shown in Fig. 4 . The slope of the line is 0.755, which suggests that the decomposition reaction proceeds rather by one photon reaction than multi-photon reaction. The addition of 140 Torr oxygen to the system was not found to accelerate the decomposition rate of MCB. After 30 min KrF irradiation, about 90% of MCB is decomposed.
Results
The decomposition products in the gas phase were identified by the comparison of their absorption spectra reported in the Handbook of Infrared Spectra. 11 For quantitative analyses, the calibration curves of MCB, benzene, acetylene, CO, CO2, and HCl shown in Fig. 5 were obtained using commercially available chemicals and gases. It is not clear at present why the calibration curves of CO and HCl do not show straight lines. The amount of benzene was calculated using the absorbance at 3048 cm -1 after subtraction of the absorbance by MCB that remained. In the absence of oxygen, the noticeable product in the gas phase is benzene. On the other hand, in the presence of oxygen, there is no benzene and the major products are CO, CO2 and HCl. The distribution of these gaseous decomposition products identified after irradiation is summarized in Table 1 . The presence of benzene after irradiation indicates that benzene does not decompose easily by laser irradiation. In fact, 0.1 Torr benzene was irradiated by KrF laser without oxygen to give gradual decomposition, as shown in Fig. 6 . After 45 min KrF laser irradiation, over 80% of benzene is still remained in the gas phase. From the point of view of environmental protection, the formation of benzene after laser irradiation is not desirable. But the presence of oxygen is effective to reduce benzene. Figure 7 shows the gas chromatogram of the solid and liquid products extracted with acetone after laser irradiation. For quantitative analyses, peak areas for unit amount of compounds were obtained using commercially available compounds. Comparing Fig. 7(a) with Fig. 7(b) , one sees that the number of peaks and the total peak area on the gas chromatograms effectively decrease by the addition of oxygen. This means that the formation of ECD-sensitive products such as polychlorinated compounds is effectively suppressed by KrF laser irradiation in the presence of oxygen. The distribution of solid and liquid products identified is summarized in Table 2 . Although many peaks appearing in Fig. 7 are not well identified, there are no peaks assignable to 4-chlorobiphenyl and o-, m-, pchlorophenols, judged from the comparison of the retention times with those of commercially available compounds.
Discussion
Since oxygen is almost transparent to the laser wavelength at 248 nm, regardless of whether oxygen is present or not, the first step of photodegradation is thought to be a fission of the C-Cl 909 ANALYTICAL SCIENCES AUGUST 2002, VOL. 18 a. % Cl and % C are conversion % based on the quantity of total C and Cl in C6H5Cl decomposed and total C and Cl in each gaseous product. b. The amount of CO2 is not so reliable because the absorption of CO2 is affected by room conditions. bond into Cl and phenyl radical as is reported in the literature. 12 Successive radical reactions might lead to the formation of benzene and other chlorinated compounds. In the absence of oxygen, it is reported that phenyl radical generally reacts with other phenyl radical to give biphenyl and the amount of benzene produced is small. 13 In the present study, more than 70% of source MCB is converted to benzene after irradiation in the initial stage of irradiation, as shown in Fig. 8 . This suggests that the laser decomposition of biphenyl into two phenyl radicals is another important reaction. The hydrogen source for benzene formation should originate from MCB and their degradation products. Accordingly, phenyl radicals in the gas phase react with MCB and other degradation products of MCB to give benzene and di-or poly-chlorinated compounds. Once benzene is produced, it is fairly stable against photodecomposition, as is confirmed in Fig. 6 . But the other products whose hydrogen atom is abstracted by a disproportionation reaction get more labile character to react with phenyl radical to give another benzene and further degraded intermediate products.
If the decomposition reaction proceeds by such a disproportionation reaction among MCB and phenyl radicals, the relationship between laser irradiation time and the logarithm values of the MCB concentration would not show straight lines. But the decomposition reaction of MCB is suggested to be of first order, as shown in Fig. 3(b) . The irradiation space by laser beam is about one-eighth of all space including the reaction cell and the IR gas cell. By taking account of the effects of the gas circulation rate and the ununiformity of the reaction gas on the reaction rate, one cannot conclude that the reaction is of first order. Figure 8 shows the ratio of the amount of benzene produced to the amount of MCB degraded. The ratio in the initial stage of the photoreaction is 0.70 and it gradually decreases to 0.49 after 45 min irradiation. This result indicates that the reaction between benzene produced in the system by photodecomposition and MCB that remained is trivial. In the presence of oxygen, the ratios of the amounts of CO and HCl produced to the amount of MCB degraded are plotted against irradiation time in Fig. 9 . The amount of CO2 is not so reliable because the absorption of CO2 is affected by room conditions. Table 2 Solid and liquid compounds produced in the apparatus by KrF laser irradiation a. 4-Chlorobiphenyl and chlorophenol were not detected. b. % C is conversion % based on the quantity of total C in C6H5Cl decomposed and total C in each product. Taking into the account the fact that MCB has six carbon atoms per one molecule, about one-sixths of MCB is converted to CO during the laser irradiation, as shown in Fig. 9 . And over a half of Cl is converted to HCl. However, about 70% of carbon is not found, as shown in Table 1 . Only some decomposition products are well identified in the experiment; however, the residual carbon fragments may be contained in the solid phase, perhaps methanoic acid.
In the case of the irradiation without oxygen, the HCl produced in the gas phase is only a trace, in contrast to the case with oxygen, as shown in Fig. 2 . An indicative observation about the decomposition products is the film formation on the inlet quartz window. After laser irradiation, a thin carbon layer appeared on the inner surface of the quartz windows. On the other hand, in the presence of oxygen, almost no carbon layer was found on the surface of the quartz windows. This carbon layer formation may be responsible for the detection of HCl in the gas phase. MCB and benzene are known to give soot materials by combustion in the lack of oxygen.
14 Likely to the combustion of carbon materials, in the lack of oxygen, HCl rapidly reacted with labile degradation radicals and then incorporated in soot compounds to give carbon films. When oxygen is present in the system, the labile intermediates react with large amounts of oxygen to give CO and CO2. Therefore HCl can remain in the gas phase.
Conclusion
(1) Gaseous monochlorobenzene was irradiated with KrF excimer laser (248 nm) under reduced pressure.
The photodecomposition of gaseous monochlorobenzene was of apparent first order. (2) In the absence of oxygen, the photolysis was found to give benzene (conversion yield: 49%) in the gas phase and many unidentified products in the solid phase. On the other hand, in the presence of oxygen, carbon dioxide (10%), carbon monoxide (16%), hydrogen chloride (52%) and acetylene (2%) were produced and the peaks shown on the gas chromatogram of the solid phase were effectively suppressed. 
